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(57) ABSTRACT 
Inductively coupled antennas and methods of designing the 
same are disclosed. Electrically Small antennas having rela 
tively high efficiency and relatively broadbandwidth may be 
formed by inductively coupling an antenna loop to at least 
one antenna winding. Such antennas may be substantially 
planar. Various operating characteristics of Such antennas 
may be adjustable by and/or dependent upon the strength of 
the inductive coupling between an antenna Winding and an 
antenna loop. 
12 Claims, 7 Drawing Sheets 
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1. 
ELECTRICALLY SMALL PLANAR 
ANTENNAS WITH INDUCTIVELY COUPLED 
FEED 
PRIORITY CLAIM 
This application claims priority to U.S. Provisional Patent 
Application No. 60/477,974 Entitled “Electrically Small 
Planar Antennas With Inductively Coupled Feed filed on 
Jun. 12, 2003. 
STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 
This invention was made with Government support under 
Contract # N00014-01-1-0224, awarded by the U.S. Office 
of Naval Research. The Government has certain rights to 
this invention. 
BACKGROUND OF THE INVENTION 
1. Field of Invention 
Embodiments disclosed herein generally relate to meth 
ods of designing antennas and antennas designed by those 
methods. In particular, embodiments relate to antennas with 
inductively coupled feed. 
2. Description of Related Art 
Electrically small antennas may include antennas with a 
size about 10% of the operating wavelength of the antenna 
or less (e.g., 5% of the operating wavelength). Existing 
designs for electrically small antennas typically have com 
plicated structures. For example, Goubau (reference 6), 
Dobbins et al. (reference 7) and Foltz et al. (reference 8) 
each disclose relatively complex antenna designs. Compli 
cated structures may make antenna fabrication difficult. 
Complicated structures may also be difficult to redesign to 
meet different operating frequencies. A concern with many 
electrically small antennas is that the input resistance of Such 
antennas may be relatively small. The Small input resistance 
may cause difficulty in matching the antenna to the associ 
ated radio frequency (RF) system. Certain known designs 
(e.g., see Altshuler (reference 1), Hansen et al. (reference 9) 
and Corum (reference 10)) utilize matching circuits to 
connect the antenna to the rest of the RF system. However, 
matching circuits may add to the size, loss, complexity 
and/or cost of the system. 
SUMMARY 
In an embodiment, an electrically small antenna may 
include at least one antenna winding and at least one antenna 
loop inductively coupled to at least one antenna winding. At 
least one antenna loop may be coupled to at least one 
antenna feed. In an embodiment, such antennas may have a 
characteristic radius less than about 5% of the operating 
wavelength of the antenna. Certain characteristics of anten 
nas having inductively coupled feed may be modified by 
modifying the strength of the inductive coupling. For 
example, input resistance of the antenna, and/or bandwidth 
of the antenna may be modified by modifying the strength of 
the inductive coupling. In an embodiment, electrically small 
antennas having an inductively coupled feed may include 
planar features (e.g., features printed on Substrate). In an 
embodiment, electrically small antennas having an induc 
tively coupled feed may include two dimensional features 
(e.g., Substantially coplanar wire structures). In an embodi 













coupled feed may include three dimensional features (e.g., 
Substantially non-coplanar wire structures). 
BRIEF DESCRIPTION OF THE DRAWINGS 
Advantages of the present invention will become apparent 
to those skilled in the art with the benefit of the following 
detailed description of embodiment and upon reference to 
the accompanying drawings, in which: 
FIG. 1 depicts an embodiment of a meander-winding 
antenna and numerical simulation results of the antenna's 
bandwidth as a function of antenna size; 
FIG. 2 depicts an embodiment of a spiral-winding antenna 
and numerical simulation results of the antenna's bandwidth 
as a function of antenna size; 
FIG. 3 depicts an embodiment of a particular inductively 
coupled monopole antenna design; 
FIG. 4 depicts a plot of numerical and experimental return 
loss vs. frequency for the antenna in FIG. 3; 
FIG. 5 depicts a plot of numerical and experimental 
efficiency vs. frequency for the antenna in FIG. 3; 
FIG. 6 depicts an embodiment of a circuit model for the 
inductively coupled monopole antenna in FIG. 3; and 
FIG. 7 depicts a plot of input impedance using a circuit 
model and using NEC simulation. 
While the invention is susceptible to various modifica 
tions and alternative forms, specific embodiments thereof 
are shown by way of example in the drawings and will 
herein be described in detail. It should be understood that the 
drawing and detailed description thereto are not intended to 
limit the invention to the particular form disclosed, but on 
the contrary, the intention is to cover all modifications, 
equivalents and alternatives falling within the spirit and 
Scope of the present invention as defined by the appended 
claims. 
DETAILED DESCRIPTION OF EMBODIMENTS 
The design of electrically small antennas may be chal 
lenging. For example, typically, as the size of an antenna is 
reduced, both its efficiency and bandwidth may decrease. 
Furthermore, the input resistance of an antenna may drop 
rapidly as the antenna's size is reduced, making impedance 
matching of the antenna to the rest of the RF system difficult. 
These issues may impact the overall system performance, 
especially in high data rate and/or low power consumption 
devices. 
In an embodiment, relatively small monopole antennas 
(e.g., kr-0.45 Where k=2 (operating wavelength)) may 
include a point along the wire that is shorted to a ground 
plane. One interpretation of this feature may be that a first 
portion of the wire structure may act as an inductive feed. In 
Such a case, the remaining portion may act as the radiating 
portion of the antenna. The radiating portion may carry most 
of the current. This inductive coupling mechanism may tend 
to increase the input resistance for electrically small anten 
aS. 
In certain embodiments, electrically small, two-dimen 
sional, planar antenna geometries may be desired. For 
example, such antenna designs may include antennas having 
a meander-shaped winding or spiral-shaped winding. In an 
embodiment, the Numerical Electromagnetics Code (NEC) 
may be used to design and/or model the wire winding and 
feed configurations. For example, designs that consider 
bandwidth, efficiency and/or antenna size may be generated. 
Designs generated in this manner may compare favorably to 
known fundamental limits for Small antennas. 
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Electrically small antennas generally refers to antennas 
having physical dimensions that are smaller than the anten 
na's operating wavelength (e.g., one tenth or less of the 
operating wavelength). Electrically Small antennas are cur 
rently in demand in many wireless networking and commu 
nications applications. For example, in handheld devices or 
laptop computers, the available physical space for antennas 
may be very limited. Thus, electrically small antennas may 
be desirable for Such applications. In addition to applications 
for personal communications systems (cellphones, personal 
digital assistants, laptops), electrically Small antennas may 
be applied to HF communications and vehicular antennas. In 
HF communications (frequency range from 2 to 30 MHz), 
the typical size of antennas may be on the order of meters or 
tens of meters. Thus, electrically small antennas may be 
desirable. For vehicular applications, electrically small 
antennas designed by methods disclosed herein may be 
adaptable to design an on-glass antenna embedded in a 
windshield. 
Embodiments disclosed herein include methods of 
designing electrically small antennas. In particular, methods 
may include planarantennas using inductively coupled feed 
structures. Such antennas may be electrically Small and 
self-resonating. Additionally, Such antennas may be capable 
of good efficiency and bandwidth characteristics without the 
need for an additional matching network. Inductively 
coupled feed may also be applied to other types of antenna 
structures. For example, three-dimensional antennas may be 
designed with an inductively coupled feed. 
In an embodiment, an inductively coupled feed configu 
ration may include a conductive loop in proximity to the 
antenna body. For example, a small rectangular loop may be 
located underneath the antenna body. One end of the loop 
may be used for the antenna feed. The other end of the loop 
may be shorted to a ground plane. The antenna body may 
include different types of windings. For example, antenna 
body 102 may include a meander winding 104, as shown in 
FIG. 1, a spiral winding 204, as shown in FIG. 2, etc. The 
strength of the inductive coupling may be controlled by the 
distance between feed 108 and antenna body 104, and/or the 
area of the rectangular loop 108. The resonant frequency of 
the antenna may be controlled by changing the width, height 
and/or number of wire turns of the antenna body 102. The 
size of the antenna may be defined in terms of a character 
istic radius, r 110. For example, the radius 110 may be that 
of a circle that encloses the antenna structure. In an embodi 
ment, a multi-objective Pareto GA may be employed to 
optimize the parameters in order to achieve a desirable 
bandwidth, relatively high efficiency and/or relatively small 
antenna size. In such embodiments, the design parameters 
may be encoded into a binary chromosome. The costs 
associated with the design goals may include: 
Cost1=1-Antenna Bandwidth. Theoretical Bandwidth 
Limit (1) 
Cost2=1-Efficiency 
Cost3=Normalized Antenna Size (kr) 
The theoretical bandwidth limit in Cost1 may be defined as: 
2/(1/kr+1/(kr)) as derived in reference 3). The factor 2 in 
the theoretical bandwidth limit may account for the loaded 
Q. After evaluating the three cost functions of each sample 
structure using NEC, all the samples of the population may 
be ranked using a non-dominated Sorting method. Based on 
the rank, a reproduction process may be performed to refine 













to inhibit the solutions from converging to a single point, a 
sharing scheme, as described in reference 4, may be used 
to generate a well-dispersed population. The final converged 
“Pareto front may include optimized antenna designs that 
perform well in at least one out of the design goals (e.g., 
broad bandwidth, high efficiency or Small antenna size). 
FIG. 1 depicts simulation results of a converged Pareto 
front for a meander antenna structure. In FIG. 1, the designs 
are plotted in the bandwidth vs. antenna size space. The 
designs are also categorized according to their efficiencies. 
The 1/(1/kr+1/(kr)) limit 112 and 2/(1/kr+1/(kr)) limit 114 
for small antennas are also plotted in FIG. 1 for reference. 
For the simulations, the antenna body and the feed were 
assumed to be copper wire with a conductivity of 5.7x107 
S/m and a radius of 0.5 mm. The target design frequency was 
400 MHz. An infinite ground plane was assumed in the 
numerical simulations. The design space was restricted to a 
two-dimensional plane. FIG. 1 shows that the resulting 
designs had similar performance compared to the 3-D arbi 
trary wire configurations reported in reference 2. 
It is believed that to reduce the size of a meander-winding 
antenna below about kr=0.35 may be difficult. As a result, a 
spiral structure may be used. FIG. 2 depicts a spiral winding 
antenna design and numerically simulated bandwidth and 
efficiency of the spiral-winding antenna. FIG. 2 shows that 
the performance of the spiral winding antenna design was 
similar to that of the meander winding antenna design 
depicted in FIG. 1 for sizes kra-0.35. Additionally, the GA 
generated designs successfully for kr-0.35. Comparison of 
the total wire length for the meander winding and spiral 
winding structures showed that for a given wire spacing, the 
spiral structure required a smaller wire length compared to 
the corresponding meander structure. 
To verify the numerical simulation results, three spiral 
winding antennas were constructed based on the optimized 
designs. The three antennas built correspond to points A206 
(kr 0.23), B 208 (kr 0.36) and C 210 (kr=0.49) in FIG. 2. 
A 1.6 mx 1.6 m conducting plate was used as the ground 
plane. The sizes of the three antennas were 2.8 cm, 4.3 cm 
and 5.9 cm, respectively. FIG. 3 depicts the antenna design 
302 designated by point B 208 in the graph of FIG. 2. FIG. 
4 depicts a plot of the resulting return loss of antenna 302 as 
a function of frequency from simulation and measurement. 
The simulated and measured results showed a similar band 
width of about 1.77% from simulation and 1.95% from 
measurement (based on Sls-3 dB). There was a slight 
shift in the resonant frequency between the simulation and 
measured results due to the construction inaccuracy. FIG. 5 
depicts the efficiency of antenna 302 from simulation and 
from the Wheeler cap measurement of the antenna. The 
measured efficiency of 84% was consistent with the simu 
lation efficiency of 85% at the resonant frequency 502. 
Similar correlation was found for antennas A206 and C 210. 
The inductively coupled feed mechanism was investi 
gated in more detail. FIG. 6 shows a proposed lumped 
element circuit for an inductively coupled feed. The induc 
tive coupling was modeled by a transformer. The antenna 
body and the antenna feed were simulated separately using 
NEC. The resulting data were fit to the circuit model to 
arrive at R, L and C values. The mutual inductance, M, 
between the feed loop and the antenna body was derived 
analytically. Using the completed circuit model, the input 
impedance curve (shown as dashed lines in FIG. 7) was 
determined. The solid lines in FIG. 7 show the simulated 
input impedance results for the entire antenna using NEC. 
From the circuit point of view, the transformer served to 
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invert the Small input resistance associated with the antenna 
body to achieve a proper step up. 
Experiments were also conducted to explore the use of 
printed Structures to implement the wire antenna designs. An 
inductively coupled antenna design was translated to printed 
lines on a 0.8 mm thick FR-4 substrate. Other than a 
frequency shift due to the FR-4 substrate, the antenna had 
very similar characteristics as the wire designs. It is there 
fore expected that 2-D wire designs determined by methods 
described herein may be convertible into planar (e.g., 
printed) antennas. 
Thus using methods described in embodiments disclosed 
herein, inductively coupled antennas may be formed which 
include: (1) Small size, (2) self-resonance, (3) broad band 
width, (4) ease of design for various operating frequencies, 
and/or (5) simple fabrication. For example, the antenna's 
Small size may be achieved through the use of a meander- or 
spiral-shaped antenna structures. Self-resonance may be 
achieved through the use of the inductive coupling to boost 
the antenna's input resistance. Additionally, the input resis 
tance of antennas with inductively coupled feed may be 
adjusted by adjusting the strength of the inductive coupling. 
For example, the strength of the inductive coupling may be 
controlled by the distance between the feed and the antenna 
body and/or by the area of the inductive feed loop. Broad 
bandwidth may beachieved by fourth-order tuning about the 
resonant frequency. Design for different operating frequen 
cies may be accomplished by varying the length of the 
antenna body. In such embodiments, fabrication may be 
simplified since the antenna structure may be completely 
planar. These antenna designs may also be fabricated using 
printed structures on dielectric Substrates (e.g., FR-4 or 
Duroid) with minor Scaling in size. 
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Further modifications and alternative embodiments of 
various aspects of the invention may be apparent to those 
skilled in the art in view of this description. Accordingly, this 
description is to be construed as illustrative only and is for 
the purpose of teaching those skilled in the art the general 
manner of carrying out the invention. It is to be understood 
that the forms of the invention shown and described herein 
are to be taken as the presently preferred embodiments. 
Elements and materials may be substituted for those illus 
trated and described herein, parts and processes may be 
reversed, and certain features of the invention may be 
utilized independently, all as would be apparent to one 
skilled in the art after having the benefit of this description 
to the invention. Changes may be made in the elements 
described herein without departing from the spirit and scope 
o the invention as described in the following claims. In 
addition, it is to be understood that features described herein 
independently may, in certain embodiments, be combined. 
What is claimed is: 
1. An antenna, comprising: 
a ground plane; 
an antenna body formed by a winding, having two ends, 
wherein one of said two ends is connected to said 
ground plane; and 
an antenna feed having two ends, wherein one of said two 
ends is connected to said ground plane, wherein a 
length of said antenna feed is Substantially shorter than 
a length of said antenna body, wherein said antenna 
feed is inductively coupled to said antenna body. 
2. The antenna of claim 1, wherein said winding of said 
antenna body is a meander winding. 
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3. The antenna of claim 1, wherein said winding of said 
antenna body is a spiral winding. 
4. The antenna of claim 1, wherein an input resistance of 
said antenna is controlled by a distance between said 
antenna body and said antenna feed. 
5. The antenna of claim 1, wherein an operating frequency 
of said antenna is controlled by the length of said antenna 
body. 
6. The antenna of claim 1, wherein an operating frequency 
of said antenna is controlled by the number of turns in said 
winding of said antenna body. 
7. The antenna of claim 1, wherein said antenna body and 
said antenna feed are planar structures. 
8. The antenna of claim 1, wherein said antenna body and 
said antenna feed are printed on a Substrate. 
10 
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9. The antenna of claim 1, wherein a second one of said 
two ends of said winding in said antenna body is open 
ended. 
10. The antenna of claim 1, wherein a second one of said 
two ends of said antenna feed is connected to an antenna 
input. 
11. The antenna of claim 1, wherein a dimension of said 
antenna body is less than approximately 10% of an operating 
wavelength of said antenna. 
12. The antenna of claim 1, wherein a dimension of said 
antenna body is less than approximately 4% of an operating 
wavelength of said antenna. 
